Summary. A regular, well defined spermatogenic cycle was found in the Japanese quail by examining thin sections of isolated lengths of seminiferous tubules embedded in epoxy resin to resolve the structure of developing spermatids. The stages of the cycle initially were identified in studies using a preparatory method for fixation which separated adjacent cellular associations. The cycle was divided into 10 stages with relative frequencies (%) 
Introduction
It has been known since late in the last century that the various generations of germ cells in the testes of mammals are not associated at random with a group of Sertoli cells, but form cellular associations and each association is constant (see Setchell, 1982 , for review). Roosen-Runge & Giesel (1950) , Leblond & Clermont (1952) and Ortavant (1954) arranged these cellular associations, or stages ofthe seminiferous epithelium, into an order and correctly predicted that the 4-5 generations of germ cells which are associated with a Sertoli cell sequentially develop through the stages. The period required to pass through all stages is considered to be one cycle of the seminiferous epithelium, and the number of cycles which occurs from an initial division of a stem spermatogonium to the release of its daughter spermatozoa into the lumen of the seminiferous tubule is determined by the number of generations of germ cells associated with a Sertoli cell. The value of recognizing the stages of the seminiferous epithelium and arranging them into an order is that it provides a basis for studying how spermatogenesis is regulated and for estimating the duration of spermatogenesis and the daily rate of sperm production of an animal.
However, there is no certainty that the accepted understanding of the process of spermatogenesis described above can be applied to birds. Although Clermont (1958) and Aire et al. ( 1980) identified 8 stages in the drake and guinea-fowl respectively, they reported that there were a large number of 'atypical' associations which they could not identify. Further, Yamamoto et al. (1967) concluded that the cellular associations are quite variable in the Japanese quail and described cellular associ¬ ations (involving up to 3 generations of spermatids in one association) which are fundamentally different from the pattern in mammals.
A major problem in determining the stages of the seminiferous epithelium in birds is that there may be a number of stages in one cross-section of a seminiferous tubule (e.g. 6-10 in the Japanese quail: Clermont, 1958; Yamamoto et ai, 1967; Aire et ai, 1980) , and overlapping of germ cells in adjacent stages makes it difficult to resolve which generations of germ cells are all in one association. Moreover, the various steps of spermatid development in birds are not as easily recognized in paraffinwax sections as they are in eutherian mammals. We have solved these problems in the studies described in this report by examining thin sections of isolated tubules embedded in epoxy resin to resolve the structure of the developing acrosome in spermatids (Gunawardana, 1977) , and by carrying out preliminary studies using a preparatory method for fixation which separated adjacent cellular associations. The report describes the stages of the seminiferous epithelium and estimates of the duration of a cycle of the seminiferous epithelium of the Japanese quail.
Materials and Methods
Adult, male Japanese quails >48 days old were used. Single seminiferous tubules were separated from the testicular parenchyma by using a hypodermic syringe mounted with a 23-gauge needle to flush the testes with 1 % (v/v) glutaral¬ dehyde in 0-1 M-phosphate buffer (pH 7-2). Lengths of 3-5 mm of a seminiferous tubule were cut from the anastomosing network of tubules, transferred into 3% (v/v) (Table 2 ) from determination of the most advanced labelled germ cells at each time after injection of the radioactive label (Clermont, 1972; Swierstra et al, 1974) .
Results
The cycle of the seminiferous epithelium Figure 12 (a) illustrates the basis for the classification of germ cells into 3 types of spermatogonia, primary spermatocytes in meiotic phases, secondary spermatocytes and 12 steps of spermatid development. Figure 12 (b) illustrates how the cycle of the seminiferous epithelium was divided into 10 stages, based on the morphology of the acrosome and nucleus of developing spermatids as described below.
Stage / (Fig. 1 ).
Step 1 spermatids were a new generation of spermatids. They were character¬ ized by a spherical nucleus with a narrow band of chromatin under the nuclear membrane and containing two, or more, centrally located, heavily stained chromatin bodies.
Step 11 spermatids were clustered in groups embedded in Sertoli cell cytoplasm. They possessed long, cylindrical nuclei, and a large mass of cytoplasm extended towards the lumen of the seminiferous tubule. Primary spermatocytes in early pachytene were scattered between spermatids and spermatogonia. Stage // (Fig. 2) .
Step 2 spermatids contained a round nucleus with chromatin condensed into a large, centrally located mass, and one or two small, proacrosomic granules were located in the cytoplasm between the nuclear membrane and the plasmalemma. The other germinal cells were the same as in Stage I.
Stage III (Fig. 3 ).
Step 3 spermatids had a round nucleus and were distinguished by the attach¬ ment of the acrosomic granule to the nuclear membrane. Type spermatogonia were more active mitotically at this stage and some preleptotene primary spermatocytes were also present. The nuclei of the primary spermatocytes were larger and rounder than the nuclei of spermatogonia and their cytoplasm and chromatin (which was present as fine, evenly distributed granules) was less intensely stained. The other germ cells were similar to those in Stage II.
Stage IV (Fig. 4) .
Step 4 spermatids were distinguished by pale staining, centrally located chromatin particles in the nuclei, and the finely granular, almost uniform density of the chromatin.
Step 12 spermatids showed a reduced amount of cytoplasm and well developed residual bodies. As well as the old primary spermatocytes in pachytene, a new generation of primary spermatocytes (from preleptotene to leptotene phases) were present. Dark and pale type A spermatogonia were observed on the basement membrane.
Stage V (Fig. 5) corresponds to the period of spermiation. The step 5 spermatids had roughly spherical nuclei which stained homogeneously dark towards the end of the stage. The young primary spermatocytes were in zygotene, whilst the older primary spermatocytes and spermatogonia were the same as in Stage IV.
Stage VI (Fig. 6 ).
Step 6 spermatids had a pear-shaped nucleus, and a small area of it was covered by the acrosome. The younger generation of spermatocytes developed into early pachytene whilst the older spermatocytes were in late pachytene or early diplotene. Dark Stage IX (Fig. 9) . The Step 9 spermatids were characterized by a reduced amount of cytoplasm at the rostral end of their nuclei and the formation of residual bodies by the cytoplasm around the middle of their nuclei. The old spermatocytes entered metaphase, then anaphase. The young spermatocytes and spermatogonia were similar to those in Stage VIII.
Stage X (Fig. 10) (Fig. 1 la) . (Fig. lib) . Table 2 ). (Fig. 12b) , it was estimated that the period between these events is 8-39 days. The duration of the spermatogonial division cannot be estimated in this study, because the process of renewal of the spermatogonia has not been determined.
Based on the duration of one cycle and the frequencies of the 10 stages, it was estimated that the lifespan of type spermatogonia was 201 days, of primary spermatocytes was 3-86 days, of secondary spermatocytes was 0-15 days and of spermatids was 4-54 days. 
Discussion
This study showed that it is possible to identify a regular, well defined cycle of the seminiferous epithelium in the Japanese quail, and that the cycle may be divided into 10 stages according to the developmental state of the acrosome (Leblond & Clermont, 1952) and the nuclear morphology of the spermatids (Roosen-Runge & Giesel, 1950; Ortavant, 1954) . Further, the arrangement of germ cells in the associations of the seminiferous epithelium of the quail is not fundamentally different from the arrangement in the therian mammals which have been studied. The reasons why it was possible to identify the various cellular associations in this study were: (1) the finding that they separated from one another when flushed apart with phosphate buffer before fixation; (2) the preparation of thin epoxy resin sections which gave sufficient resolution to identify the developing acrosome of the spermatids and the extent of Sertoli cells; and (3) the isolation of lengths of the anastomosing network of seminiferous tubules so that an association could be easily traced in serial sections of a tubule.
The cycle of the seminiferous epithelium of the quail described in this study is different from that described by Yamamoto et al. (1967) who studied paraffin-wax sections and identified only 8 stages of the cycle. In their study, the arrangement of germ cells in the associations ofthe seminiferous epithelium were quite different from those described in mammals. For example, Stages IV to VIII contained up to 11 types of germ cells, including 3 generations of spermatids, and secondary spermatocytes were present in 6 stages of the cycle. Consequently, they concluded that: "It is likely that the spermatogenesis in the Japanese quail were fundamentally different from that ofmammalian species, even from that in the man." In contrast, the classification described in this report is in general agreement with work on the drake (Clermont, 1958) and guinea-fowl (Aire et ai, 1980) and is similar to the classification for mammals, especially primates (Clermont, 1963; Clermont & Antar, 1973; Chowdhury & Steinberger, 1976) .
There are two noteworthy differences between the findings described in this report and those reported for the drake (Clermont, 1958) and guinea-fowl (Aire et ai, 1980) . Firstly, the lifespan of the leptotene primary spermatocytes in the quail is much shorter than that in the guinea-fowl (in which it is present at all stages of the cycle) and the drake (in which it is present in 7 stages of the Fig. 12 cycle). Secondly, the pachytene primary spermatocytes in the quail last much longer than in the drake and guinea-fowl.
The estimated duration of one cycle of the seminiferous epithelium in the quail (2-64 days) is much shorter than has been reported for mammals: an average of 11 days, and range from 6-7 days for the bank vole (Grocock & Clarke, 1976) to 17-7 days for Bennett's wallaby (Setchell & Carrick, 1973) . The estimate in this study of the period between preleptotene primary spermatocytes and spermiation days) is a little shorter than estimates by another method for the quail and some other birds. Amir et ai (1973) and Clulow & Jones (1982) used an intraperitoneal injection of [3H] thymidine in the quail and found that the earliest labelled spermatozoa appeared in epididymal regions of the extragonadal sperm ducts 11 days and 9-5-10-5 days respectively after the injection. A similar method was also used for domestic fowl (de Reviers, 1968) and the Barbary drake (Marchand et ai, 1977; Marchand, 1979) . The first labelled spermatozoa appeared in the ejaculate at 11-12 days in fowl and at the end of the 12th day in the Barbary drake.
Although it was not possible in the present study to determine the occurrence of the initial division of the stem spermatogonia in the quail, it was possible to estimate that it takes approxi¬ mately 3-94 cycles (Fig. 12b) , or 10-6 days, for spermatogenesis to proceed from the appearance of spermatogonia at the end of Stage VI of the cycle to the release of spermatozoa at Stage V. At least three types of spermatogonia were found in the present study; they were named dark type A, pale type A and type spermatogonia following the terminology used by Clermont (1963) , Clermont & Antar (1973) and Chowdhury & Steinberger (1975 
